This study compared the effects of chromium toxicity on the biomass, photosynthesis, antioxidants, reactive oxygen species, and nutrient concentration in Kinnow mandarin (Citrus nobilis Lour x Citrus deliciosa Ten) plants grafted on diploids (2x) and tetraploids (4x) of Poncirus trifoliata [L.], Citrus reshni, and Citrus limonia Osbeck. Plants were grown under controlled conditions and irrigated with complete nutrient solution supplemented with chromium (0.75 mM). After 120-d of growth under chromium stress, plant biomass, total chlorophyll concentrations, photosynthetic activity, stomatal conductance, transpiration rate, water use efficiency, H 2 O 2 concentrations, rate of O 2 − generation, lipid peroxidation, antioxidant activities (superoxide dismutase, peroxidase, catalase) and mineral nutrient concentration (Ca, Mg, K, P and Cr) were determined. Chromium inhibited plant growth, and decreased chlorophyll concentration, photosynthetic activity, stomatal conductance, transpiration rate, water use efficiency, and activities of antioxidant enzymes, but the rate of lipid peroxidation and formation of reactive oxygen species were increased. Chromium stress also caused alterations in nutrients concentration in roots and leaves. Nevertheless, it was observed that Kinnow mandarin plants grafted on the tetraploid rootstocks showed high tolerance to chromium toxicity as reported by maintaining greater biomass accumulation and less reduction in the attributes commented before. In addition, plants with 4x rootstocks had higher Ca, Mg, K and P concentration in their roots and leaves in comparison to 2x rootstocks. Plants grafted on 4x rootstock presented higher quantity of chromium in roots than leaves, suggesting that the chromium tolerance of plants with tetraploid rootstocks may be attributed to chromium sequestration to roots with lower transfer to leaves; consequently avoiding oxidative damage to green pigments and the photosynthetic apparatus.
. Only few heavy metals, especially copper, zinc, manganese, and iron are essentially required by plants at low concentrations for the formation of many essential proteins and regulation of enzymatic activities. However, the others particularly arsenic, chromium, cadmium, lead, and mercury are highly detrimental to crop plants (Ovecka and Takac, 2014) .
Regarding the heavy metal toxicity in crops, chromium (Cr) is emerging as a serious environmental threat in many developing countries. Leather, mining, chromic acid manufacturing, and battery industries are main contributors in this regard (Afshan et al., 2015) . The leather industry alone has the highest contribution by adding up to the 40% Cr going into the environment (Kocurek et al., 2015) . Chromium is a nonessential element to plants; hence, they do not possess specific mechanisms for its uptake. Therefore, the uptake of this heavy metal is through carriers used for the uptake of essential metals for plant metabolism. Plants can absorb Cr in Cr (VI) and Cr (III) forms, and moved in the plant xylem, or accumulated in the root cell (Shanker et al., 2005) .
Chromium causes various morpho-physiological, biochemical and anatomical disturbance in plants (Lopez-Luna et al., 2016) . Chromium generates very drastic effects on seed germination and excessive amounts of Cr in growing medium can inhibit germination up to 60% (Jain et al., 2000) by suppressing the enzymatic activities of amylase and protease (Sethy and Ghosh, 2013) . Plants growing under Cr-toxicity also showed reduction in their growth and development due to disturbances in cell division and elongation in roots and leaves by interacting negatively with various metabolic activities (Tiwari et al., 2013) . Cr-induced toxicity resulted in malfunctioning and biosynthesis inhibiting of chloroplasts, alterations in electron transport and oxidative stress (Reale et al., 2016; Da-Costa et al., 2016; Gill et al., 2015) leading to reduced photosynthetic activity. High ratios of Cr within plant tissues also disturb the plant water relations causing reductions in turgor pressure and plasmolysis of epidermal as well as cortical cells; consequently plants wilting occurred (Vazques et al., 1987) . Chromium also drastically influences plants potential to uptake various beneficial nutrients like K, Mg, Mn, P, Fe and N from soil (Khan, 2001; Shanker et al., 2005) . All these factors lead to reduce photosynthetic activity, reduced growth, development, production, and fruit quality of horticultural crops.
Various approaches have been used to alleviate the metal-induced toxic effects on commercially important agronomic as well as horticultural crops (Keller et al., 2015) . Production of metal tolerant genotypes by various breeding and biotechnological tools is one of these strategies. Another strategy is the alleviation of metal-caused toxicity by exogenous application of various growth hormones and regulators (Piotrowska-Niczyporuk et al., 2012; Farooq et al., 2016) . Grafting is also considered as very effective technique to reduce the growth and yield limiting effects of abiotic stresses specially the salinity and heavy metal toxicity in horticultural crops (Nawaz et al., 2016; Penella et al., 2016) . The genetic makeup of rootstock induces resistance against edaphic and climatic factors in scion by enhancing the nutrient uptake, movement and nutrient use efficiencies (Habran et al., 2016) . In the last decade, several reports indicate that biotic and abiotic stress-tolerance in citrus is highly linked with ploidy level. Thus, the use of tetraploid rootstocks in citrus have increased its tolerance to salt stress (Saleh et al., 2008; Ruiz et al., 2016) , boron toxicity (Ruiz et al., 2016) , and drought condition (Allario et al., 2013) . These authors have reported that tetraploid citrus have lower rates of plant transpiration, present thicker greener leaves and shorter thicker roots, and have bigger stomata and lower stomatal density. In addition, compared to diploid, tetraploid citrus has higher expression level of stress related genes and higher content of stress related metabolites which could be beneficial for its stress tolerance (Tan et al., 2015) .
Since rootstock conferred resistance to grafted citrus trees (Syvertsen and Garcia-Sanchez, 2014) , and tetraploid rootstocks can be more tolerant to abiotic stress than diploids, the effects of high Cr concentration in the nutrient solution in Kinnow mandarin grafted on both diploid and tetraploid rootstocks were investigated in the present study. The objective of this experiment was to test the relative tolerance between tetraploid and diploid plants in three different citrus rootstocks, and providing insight into the causes of the different behaviour in Cr tolerance between both ploidy genotypes in Kinnow mandarin. The research finding of this study will be highly useful for plant breeders and genetic engineers working on metal tolerance in plants.
Materials and methods

Plant materials and growth conditions
Twenty-four-month old diploid (2x) and tetraploid (4x) plants of three citrus rootstocks species, Poncirus trifoliata [L.] (PT), Citrus reshni (CH) and Citrus limonia Osbeck (CL) were used in this investigation. The R.M. Balal et al. Environmental and Experimental Botany 140 (2017) 8-18 genetic composition of tetraploid plants was confirmed with five simple-sequence-repeats (SSR) markers according to the procedure described by Froelicher et al. (2008); and Luro et al. (2008) . These rootstocks were transplanted in pots (35.6 cm depth) filled with Astatula fine sand (hyperthermic, uncoated, Typic Quartzipsamments) (Fig. 1) . The sand was fine with a pH of 6.0-6. 
Plant biomass
At the end of the experiment (120-d of Cr-stress) plants were gently uprooted and washed with distilled water to remove sand particles. The plants were then blotted with filter paper to remove any water present on the leaves, stems and roots. The plant tissues were then oven dried (Memmert-110, Schawabach, Germany) at 72°C for four days, and the average dry weight was recorded. After recording dry weights, samples were ground for the determination of further chemical analysis. For the determination of enzymatic and biochemical characteristics fresh roots and leaves were rinsed with distilled water to remove any material on them. The leaves were randomly harvested from upper, middle and lower portion of plants. The leaves and roots were wrapped with filter paper to eliminate any moisture or drops of water, and stored in a freezer with temperature −80°C (SLW:NC83-3, Laboratory Supply Network, Inc. Atkinson, NH, USA).
Chlorophyll contents, gas exchange attributes and water use efficiency
Total chlorophyll concentration were estimated by the method of Arnon (1949) from fully mature leaves after 98-d of Cr-stress. For the measurement of physiological attributes such as net photosynthesis rate (Pn), stomatal conductance (gs), whole transpiration rate (E) and water use efficiency (WUE = Pn/E), fully developed and healthy leaves per plant (four plants from each cultivar and treatment) were selected and placed individually in the chamber of a portable Infrared Gas Analyzer (IRGA) (CI-340, Bio-Science, Camas, Washington, USA). There were the following conditions during the estimation of gas exchange attributes: leaf chamber volume gas flow rate 292 mL min 
Reactive oxygen species and lipid peroxidation
The superoxide generation rate was measured by the procedure of Elstner and Heupel (1976) . An incubation mixture was comprised of ground frozen-dry tissues (0.5 g), distilled water (0.5 mL), 65 μmol phosphate buffer (1 mL) xanthine oxidase (0.3 mL), 1 μmol xanthine and 1 μmol hydroxylammoniumchloride (0.1 mL). The reaction was initiated by adding xanthine oxidase at 25°C for 20 min. The absorbance of mixture was observed at 530 nm. Hydrogen peroxide was estimated by following the procedure of Patterson et al. (1984) . Frozen leaf tissues (0.5 g) supplemented with 5% trichloroacetic acid (5 mL) and charcoal (0.15 g) were ground to powder by using liquid nitrogen and centrifuged at 10,000g for 20 min at 4°C. The mixture was filtered and two samples of 1 mL were taken in test tubes. Both samples were added with 1 mL of colorimetric reagent and incubated at 30°C for 10 min and absorbance at 505 nm was recorded. Lipid peroxidation (LPO) was estimated by measuring the concentration of malondialdehyde (MDA) by the method of Heath and Packer (1968) . Equal sample weight of frozen tissue and 0.5% (w/v) TBA solution having 20% (w/v) of TCA (trichloroacetic acid) were mixed. This mixture of frozen tissues, TBA and TCA was kept at 95°C for half an hour and then rapidly cooled in a cooling bath filled with ice. The mixture was centrifuged at 3000 × g for 10 min. After centrifuge, the absorbance of supernatant at wave lengths of 532 and 600 nm were measured. The MDA concentration was measured from its molar extinction coefficient (155 mM
) and the readings were recorded in MDA g −1 DM
(DM = dry weight).
MDA level (nmol) = Δ (A 532 nm-A 600 nm)/1.56 × 105
Antioxidant activities
To determine antioxidant enzyme activities the fresh roots and leaves were rinsed with distilled water to remove any soil particles and debris from surface. The leaves and roots were wrapped with filter paper to eliminate any moisture or drops of water, and stored in a freezer with temperature −80°C (SLW:NC83-3, Laboratory Supply Network, Inc. Atkinson, NH, USA). Frozen tissue of leaves/roots (0.5 g) was mixed with 2 mL of ethanol and 5 mL of 50 mM cooled phosphate buffer (pH 7.8). The homogeneous mixture was centrifuged at 15000 × g for 20 min at 4°C. The supernatant was used to determine the activities of the following enzymes. Superoxide dismutase (SOD) activity was analyzed by calculating its potential to hinder the photoreduction of nitroblue tetrazolium (NBT), as described by Giannopolitis and Ries (1977) . Catalase (CAT) and peroxidase (POD) activities were measured by the method of Maehly and Chance (1954) , with some modifications, as follows. The CAT reaction solution (3 mL) comprised of 50 mM phosphate buffer (pH 7.0), 5.9 mM H 2 O 2 , and 0.1 mL enzyme extract. Changes in the absorbance of the reaction solution at 240 nm were recorded every 20 s. One unit of CAT-activity was defined as an absorbance change of 0.01 units min . The activity of each enzyme was expressed on the basis of protein content. The protocol described by Bradford (1976) for the estimation of protein was used to determine the ratios of protein in the extracts. However, bovine-serum-albumin was used as standard protein in this procedure.
Chromium and mineral determination
After measuring the dry biomass as described in Section 2.2, dried and ground plant material (0.5 g) from roots and leaves was digested with a mix of concentrated sulfuric acid (5 mL) and H 2 O 2 (35%, 0.5 mL per digestion tube) as described by Wolf (1982) . The digested samples were then analyzed for Ca, Mg, K, P and Cr concentration by a flame atomic absorption spectrometry (Z5000, Polarized-Zeeman, Hitachi, Tokyo, Japan). Total amount of Cr in shoot, and total amount of Cr in root were calculated by using the Cr concentrations as: Cr in shoot = (leaf Cr concentration x leaf biomass) + (stem Cr concentration x stem biomass); Cr in root = Root Cr concentration x root Biomass.
Statistical analysis and experiment layout
With the objective to know as ploidy treatments (2x and 4x) response to Cr treatment (0 and 0.75 mM) for every rootstock, twoway ANOVA technique, ploidy x Cr treatment, for each rootstock was employed by using the STATISTICA 9.0 (Stat-Soft, Inc., USA). However, Fisher's least-significance-difference (LSD) post hoc test was used to determine the level of significant of differences between the treatments. Differences among rootstocks for different Cr condition were done comparing i) 2x plants under 0 mM Cr; ii) 2x plants under 0.75 mM Cr; iii) 4x plants under 0 mM Cr; and iv) 4x plants under 0.75 mM Cr, using LSD post-hoc test.
The data set derived from morphological, physiological, nutritional, biochemistry parameters of Kinnow mandarins grafted on diploid (2x) and tetraploid (4x) plants of three different citrus rootstocks (Poncirus trifoliate, Citrus limonia, Citrus reshni) grown under normal (0 mM Cr) and Cr-stressed conditions (0.75 mM Cr) was subjected to principal components analysis based on a correlation matrix of the all variables measured. PCA produced uncorrelated multivariate axes that might be interpreted as representing a given 4x plant strategy for adaptation to high Cr concentration in the nutrient solution. The use of a correlation matrix standardizes differences among variables due to the measurement scale. The importance of different traits in a given axis was indicated by the relative eigenvector loading of the trait.
Results
Growth characteristics
In the control treatment, ploidy level did not affect stem dry weight in any rootstock, but CH and CL tetraploid rootstocks had a higher root and leaf dry weights than their respective diploids. The presence of Cr in the nutrient solution caused reductions in leaf, stem and root dry weights in all tested plants (Fig. 2) . Kinnow mandarin plants grafted on tetraploid rootstocks showed lower decline in the leaf, stem and root dry weights than those grafted on their respective diploid. Under Cr stress, Kinnow mandarin plants with diploid rootstocks had decrease in leaf dry weights by 47%, 39% and 47% while those grafted on tetraploid rootstocks reduced their leaf dry weights by 22%, 19% and 25% for PT, CH, CL, respectively. Likewise, Cr-stressed plants with diploid rootstocks had reductions in shoot dry weights by 39%, 24%, and 19% while plants with tetraploid rootstock showed decreases by 24%, 14% and 11% for PT, CH and CL, respectively. High Cr concentration in the nutrient solution caused decline in root dry weights in all plants grafted on diploid and tetraploid, but plants grafted on tetraploid rootstocks had minimum reductions than their diploids. It is also noteworthy that Cr stressed plants having tetraploid root system of CH and CL had similar root dry weight than their respective diploid cultivars grown under 0 mM Cr.
Total chlorophyll contents and physiological attributes
Diploid and tetraploid plants grown under Cr (0 mM) did not show any significant differences in their total chlorophyll concentration and leaf gas exchange parameters. Only plants grafted on tetraploids of CH rootstocks had higher total chlorophyll concentration than their respective diploid (Fig. 3) . The plants grown under Cr-stress had alterations in total chlorophyll concentration, photosynthesis rate , and root dry (C) biomass (g per plant) of Kinnow mandarin plants grafted on diploids and tetraploids of three different citrus rootstocks grown under normal (0 mM Cr) and chromium-stressed (0.75 mM Cr) conditions. Values are mean of four independent replicates ± SE (n = 4). In the ANOVA, ns indicates nonsignificant while *, **, and *** significant differences at 0.05, 0.01 and 0.001, respectively. Lowercase letters indicates the comparison of all the treatments (Cr × Ploidy level) for each rootstock genotype; uppercase letters (A, B, C) indicate statistical differences between 2x plants under 0 mM Cr; italic uppercase letters (A, B, C) indicates statistical differences between 2x plants under 0.75 mM Cr; uppercase letters (X, Y, Z) indicates statistical differences between 4x plants under 0 mM Cr; italic uppercase letters (X, Y, Z) indicates statistical differences between 4x plants under 0.75 mM Cr. Values with different letters differ significantly at the 95% level, using the Least Significant Difference (LSD). DW: dry weight; Cr: chromium.
R.M. Balal et al. Environmental and Experimental Botany 140 (2017) 8-18 (Pn) stomatal conductance (gs), water use efficiency (WUE) and whole transpiration rate (E) (Fig. 3) . Chromium treatment reduced the concentration of total chlorophyll in each rootstock, but Cr treated Kinnow mandarin plants grafted on diploids of PT and CH showed lower values than their tetraploid; and in CL plants there were not any significant variations between plants grafted on 2x and 4x. Photosynthetic rate and stomatal conductance were lowered by the Cr toxicity, but plants having tetraploid root system maintained higher values of Pn and gs than compared to those having diploid root system. Regarding WUE, plants grafted on diploid rootstocks subjected to 0.75 mM Cr had reduction in WUE, but plants with tetraploid rootstocks did not show any significant decrease in WUE compared to the control. Thus, plants grown under 0 mM Cr did not exhibit any influence of ploidy level on WUE. Leaf transpiration rate (E) was decreased by Cr treatment in all the plants except those grafted on tetraploid rootstock of CH. Conversely, ploidy level of rootstocks had no significant effect on E in plants grafted on PT and CL rootstock grown under 0.75 mM Cr. Ploidy level also had no effect on E in plants grown under 0 mM Cr.
Reactive oxygen species and lipid peroxidation
In the control treatment (0 mM Cr), ploidy level induced significant difference in the concentration of hydrogen peroxide (H 2 O 2 ), and superoxide generation rate (O 2 − ) in leaves of plants grafted on PT (Table 1) R.M. Balal et al. Environmental and Experimental Botany 140 (2017) 8-18 exceptions. Such as ploidy level did not induce any impact on H 2 O 2 in leaves and roots of CH. Likewise, the roots of PT also had no effect of ploidy level on H 2 O 2 . It was also observed that leaves exhibited the higher reactive oxygen species (ROS) and lipid peroxidation as compared to the roots in response to Cr-stress.
Antioxidant activities
In the control treatment, leaves and roots of plants grafted on 4x rootstocks had lower enzymatic activities of SOD and CAT than those grafted on 2x rootstocks; except the leaves of plants with PT rootstock, where ploidy level did not influence the SOD activity (Table 2) . Ploidy level had no effect on the activity of POD both in leaves and roots. Under Cr stress (0.75 mM Cr), leaves and roots of all Kinnow mandarin plants grafted on diploid and tetraploid rootstocks showed reduction in the enzymatic activities of SOD and CAT. However, POD activities were not affected by Cr (Table 2) . Ploidy level significantly affected some enzymatic activities such as SOD in leaves and roots of plants grafted on CH rootstock while SOD and CAT activities in leaves of plants with CL. In general it was noted that plants on 2x rootstocks lower enzymatic activities than those on 4x rootstocks. For example, the SOD activities in leaves was reduced by 26%, 23% and 32% in plants with 2x rootstocks, while these reductions were 21%, 15% and 24% in plants with 4x rootstocks of PT, CH and CL, respectively.
Ionic attributes
Under control conditions (0 mM Cr) some traces of Cr were also found in leaves, stems and roots of Kinnow mandarin plants grafted onto diploids and tetraploids (Supplementary Table S1 ). But, there were no significant differences between diploids and tetraploids regarding initial Cr concentration in their leaves, stems and roots (Fig. 4) . However, leaf, stem and root Cr concentration increased when nutrient solution was supplemented with Cr. Ploidy level affected Cr concentration in the leaf, stem and root tissues in all the tested rootstock under Cr stress, but not in the control treatment (Fig. 4) . Plants grafted on tetraploid rootstocks had lower concentration of Cr in their leaves than those grafted on their respective diploid rootstocks. However, this trend was opposite in case of roots, where plants grafted on 4x had more increments in Cr than 2x with respect to their controls.
Thus, the ratio of total Cr deposited in shoots to total Cr in roots was higher in plants grafted on diploid rootstocks relative to those on tetraploid rootstocks (Fig. 5) .
Under the 0 mM Cr, ploidy levels did not present considerable variations in the leaf and root mineral concentrations but with few exceptions because 4x plants increased the concentrations of leaf Ca and P in CL, leaf Mg in CH, leaf K in PT, root Ca in CL, and root P in CH rootstock relative to 2x plants. High chromium treatment caused reductions in Ca, Mg, K and P both in leaves and roots relative to the control (Fig. 6 ). Significant variations were recorded between plants with 2x and 4x rootstocks submitted to Cr stress. Plants with diploid rootstock had more decreases in above mentioned minerals in the leaves, but plants grafted on tetraploid rootstock exhibited more reductions in beneficial minerals in the roots.
Principal component analysis
To achieve a better understanding of the trends and relationships among the many studied variables (34) in this experiment principal component analysis (PCA) was applied to the results. The first four principal components explained 92.84% of the total variance (Table 3) . The first component, PC1, representing 71.03% of total variance, was positively linked to shoot dry weight, total chlorophyll contents, photosynthetic rate, stomatal conductance, leaf Cr, leaf Ca, leaf Mg, root Mg, leaf K, root K, leaf P, root P, leaf SOD activity, root SOD activity, and negatively linked to total shoot Cr, root Ca, leaf H 2 O 2 , root R.M. Balal et al. Environmental and Experimental Botany 140 (2017) 8-18 H 2 O 2 , leaf O2, root O 2 , lipid peroxidation in leaves and roots, (Fig. 7) . PC1 allows discriminating clearly between T0 (0 mM Cr) and T1 (0.75 mM Cr) independently of the rootstock. PC2 accounted for 11.05% of the total variance and was positively linked to total Cr in root, total Cr in shoot/total Cr in root, SOD activity in roots, and CAT activity in leaves while negatively linked to root dry weight, WUE, and Cr concentration in root (Fig. 7) . This compound allows discriminating among diploid and tetraploid rootstocks.
Discussion
Tetraploid rootstocks are more tolerant to high Cr in the nutrient solution than diploids
The presence of 0.75 mM Cr in the nutrient solution applied to Kinnow mandarin plants caused high Cr accumulation and nutritional imbalances in the leaves and roots. Furthermore, Cr stress elevated the oxidative damage by inhibiting photosynthetic-and antioxidant activities, which led to a decrease in shoot and root biomass in the tested rootstocks. Literature is deficient in reports regarding Cr toxicity in citrus; here the findings of current study showed that citrus plants are sensitive to Cr toxicity, as documented for other crops (Lopez-Luna et al., 2016Adrees et al., 2016 . However, Kinnow mandarin plants grafted on the tetraploid rootstocks were more tolerant than those grafted on their respective diploids, as demonstrated by the reduction of total biomass dry weight in the tetraploid rootstocks subjected to Crtreatment was 21%, 19% and 15% (relative to their control treatment) whereas in the diploids it was 30%, 30%, and 27%, for PT, CH and CL, respectively. The higher tolerance to Cr-toxicity in the Kinnow mandarin plants with tetraploid rootstocks could be due to the fact that these plants had a lower Cr accumulation in the leaves and their nutritional status was less affected with respect to the diploid plants (Fig. 7) . The reduction of plant biomass in Cr-sensitive plant species is linked to the accumulation of Cr in plant tissues (Eleftheriou et al., 2015) .
Decline in chlorophyll concentration and gas exchange attributes were due to high accumulation of Cr and nutritional imbalance
In the present study, it was observed that the plants grafted on tetraploid rootstocks had the lowest accumulation of Cr in their leaves (Figs. 4 and 5) ; as a result they had less negative effects of Cr-toxicity on chlorophyll concentration, photosynthesis and associated attributes (gs, WUE and WTR), enzymatic activity (SOD and CAT), and MDA with respect to plants with diploid root system (Fig. 7) . Thus, Cr concentration in the leaves is a key factor to determine the relative tolerance between Kinnow mandarin plants with tetraploid and diploid rootstocks.
In addition to the deleterious effects of Cr on physiological processes, other negative effects of Cr are that it interferes with the absorption of essential elements such as N, P, K, and Mg (Tiwari et al., 2013) . Rootstocks are highly associated with nutrient uptake and their translocation. They influence the functioning of various ion transporters involved in the transport of absorbed ions. Grafting modify the working of ions transporters (Nawaz et al., 2016) resulting in different mineral status than non-grafted plants. In the present study, Cr treatment caused marked reductions in leaves Ca, Mg, K and P, and these decreases were more pronounced in plants grafted on diploid rootstocks. In fact, ploidy level has a marked impact on plant nutritional requirements and its potential to uptake the nutrients under different conditions (Guignard et al., 2016) . Nevertheless, the reduction in the concentration of these nutrients did reach to deficiencies levels for citrus, but this nutritional imbalances caused by Cr may have affected the growth of plants as it have been observed when citrus trees suffer salinity or drought stresses (Syvertsen and Garcia-Sanchez, 2014) .
Recently, several reports have documented that tetraploid citrus rootstocks are more tolerant to abiotic stresses than their respective diploid varieties. Ruiz et al. (2016) observed that tetraploid citrus rootstock Carrizo citrange is more tolerant to excess boron (B) than its diploid variety. High B tolerance of 4x was attributed to lower B uptake capacity and root-to-shoot transport. This low B up-taking capacity by 4x roots is associated with the fact that 4x roots had fewer root tips, shorter specific root length, longer diameter, thicker exodermis and earlier tissue maturation in root tips, where the casparian strip was detected at a shorter distance from the root apex than in the 2x roots (Ruiz et al., 2016) . It has also been observed that tetraploid citrus rootstocks Poncirus trifoliata, Carrizo citrange, and Cleopatra mandarin were more tolerant to salinity (high NaCl concentration) than their respective diploid varieties, because tetraploid varieties accumulate lower concentrations of Cl and Na in their leaves (Saleh et al., 2008; Ruiz et al., 2016) . Associating all these above mentioned reports with our findings, it is suggested that tetraploid citrus rootstocks have roots of specific anatomical characteristics that limit the upward movement of toxic ions like Cl, Na, B or Cr, therefore less quantities of these toxic ions are accumulated in leaves.
Cr accumulation in leaves and roots followed different pattern between tetraploids and diploids
Roots of tetraploid rootstocks were capable of accumulating higher concentrations of Cr than the roots of diploids, without significant decrease in root growth (Fig. 4) . For example, Cr-stressed Kinnow mandarin plants grafted on PT rootstock had reductions in root biomass dry weight by 24% and plants with diploid rootstock had 39%, while the 4x presented higher concentration of Cr (0.9 mg g −1 DW) in their roots than 2x (0.25 mg g −1 DW). Thus, the mechanism related to higher
Cr tolerance in plants grafted on 4x rootstock would be that these plants accumulated maximum amounts of Cr in their roots and restricted the upward movement of Cr to leaves. Although, tetraploid rootstock accumulated higher Cr in their roots but they had less Cr-induced toxic effects in roots in comparison to the diploid roots. In most of the plants, Cr is accumulated both in below and above ground parts, but mostly roots accumulate higher concentrations than other plant tissues. The accumulation of Cr in the different parts of the plants is in the following order root > stem > leaves > seed (Oliveira, 2012) . In current investigation Kinnow mandarin plants grafted on 2x rootstocks deposited higher concentration of Cr in leaves than the roots, which would be an unusual response with respect to other plants. However, this is reversed when the plants are 4x, since in these cases the concentration is higher in the root than in the leaves, favoring the adaptation of these plants to excessive Cr. Roots also showed an a higher Ca, Mg, K and P concentration. Because plants grafted on tetraploid rootstocks showed more decreases in Ca, Mg, K and P in their roots than their respective diploids. These alterations in tested nutrients could have been due to R.M. Balal et al. Environmental and Experimental Botany 140 (2017) 8-18 R.M. Balal et al. Environmental and Experimental Botany 140 (2017) 8-18 the antagonistic effect of Cr in roots. Although, this antagonistic effect did not induce much alterations in 4x root growth as Cr treatment inhibited root growth more in diploid than in tetraploid rootstock.
4.4.
Cr accumulation damaged the antioxidant system but it was greater in those grafted on 2x rootstocks
In several plant species, oxidative stress has been shown as one of the causes of damage induced by abiotic stresses (Terzi and Yildiz, 2015) . In citrus, it has been shown that its antioxidant system is potent enough to avoid oxidative stress in salinity conditions (Arbona et al., 2003) , B deficiencies (Han et al., 2009) , and flooding (Arbona and Gomez-Cadenas, 2008) . However, in the present study, citrus plants grown under Cr stress showed marked reductions in SOD and CAT activities which led to MDA accumulation in leaves and roots. Various reports indicated the decline in antioxidant activities in response to Crstress (Jain et al., 2000; Dixit et al., 2002; Adrees et al., 2015) . The reduction in enzymatic activities of antioxidants in leaves under Crstress could have been due to the excessive accumulation of Cr in plant tissues. However, the low rate of ROS formation in the roots of tetraploid plants, despite of high Cr concentration, could point out the low Cr-sensibility in 4x roots. Various reports showed that tetraploid genotypes have higher antioxidant activities than diploids (Sanwal et al., 2010; Boo et al., 2013; Wang et al., 2013) . This has been reported in current study, where 4x plants maintained higher antioxidant activities than 2x. These findings corroborated with the fact that tetraploidization in citrus rootstock induce considerable changes in primary and secondary metabolite accumulation, and compared to diploid, higher expression level of stress related genes and higher content of stress related metabolites in 4x is beneficial for its stress tolerance as reported by Tang et al. (2015) . But, unlike other heavy metals such as cadmium, zinc, iron, literature regarding the antioxidant metabolism under Cr-toxicity is scarce. SOD and CAT activities showed significant reductions in both root and leaf tissues. But, plants grafted on tetraploid rootstocks showed less inhibitions in SOD and CAT activities compared to those grafted on diploid rootstocks. The exact reason of well maintenance of antioxidant activities by plants having tetraploid root system is not clear yet. Therefore, more molecular studied are required to understand the mechanism of Cr-tolerance both in diploid and tetraploid citrus rootstocks. The genetic make-up of rootstock plays a significant role in signal transduction between roots and shoots; consequently results in reduced toxicity caused by heavy metals (Savvas et al., 2013; Gratao et al., 2015) . These reports proposed that rootstock has clear impact on defensive mechanisms in shoots or scion grafted on the rootstocks and this fact has clearly been observed in this investigation.
Conclusion
From the findings of this study, it is concluded that Cr-stress induces significant negative effects on growth, physio-biochemistry and mineral nutrition of Kinnow mandarin plants, regardless of which rootstock was grafted. Nevertheless, the rootstock ploidy level influenced the Cr tolerance potential of Kinnow mandarin, as plants with tetraploid rootstock are more Cr tolerant than diploid ones due to less leaf Cr concentration and less alteration in leaf mineral nutrition (Fig. 7) . Higher Cr concentrations in roots and lower in leaves in plants grafted on tetraploid rootstocks indicated that tetraploid roots limited the upward movement of Cr by storing them in their roots, and therefore the presence of less Cr in leaves of 4x did not impact the photosynthetic apparatus, and prevented from high oxidative stress. The 4x roots accumulated high amount of Cr along with reductions in the concentration of minerals but they are the least negatively affected by Cr toxicity as compared to 2x plants. More intensive studies at molecular level are required to determine the exact mechanisms for Cr tolerance in tetraploid rootstock with special focus on roots. In addition, it also R.M. Balal et al. Environmental and Experimental Botany 140 (2017) 8-18 needs to check the effect of tetraploid rootstock on yield and fruit quality of Kinnow mandarin under Cr-stress. Thus, KM plants grafted on tetraploid rootstocks are more resistant to Cr-toxicity in comparison to the diploid rootstocks.
